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Methods and Results Using high-resolution ultrasound, we studied the right brachial arteries of 25 normotensive young adults who had undergone successful repair of coarctation in childhood (mean age at repair, 62 months; range, 0 to 167 months, including 8 patients operated on in infancy; mean age at study, 19 years; range, 14 to 27 years) and 50 age-and sex-matched control subjects. We assessed the degree of reactive hyperemia (RH) produced after distal cuff occlusion and release and the changes in arterial diameter in response to RH (with increased flow causing endothelium-dependent dilation) and to glyceryltrinitrate (GTN, an endothelium-independent dilator). The response of the right femoral artery to GTN was also measured in 12 coarctation subjects and 12 control subjects. Studies were performed 13 .7 years (range, 7 In patients with coarctation of the aorta, life expectancy is not normal even after successful repair. In two long-term studies, in which most subjects were repaired in late childhood or young adult life, the mean age of death was 38 years,12 with the majority of deaths due to cardiovascular complications related to persistent hypertension. Furthermore, even subjects who are normotensive at rest and have no residual coarctation may have a hypertensive response to exercise. 3 The reasons for these persistent problems in control of blood pressure are unclear; upper limb hypertension that exists before coarctation repair may cause long-term baroreceptor dysfunction3 or structural and functional abnormalities in the vessel wall of large and small arteries. These may be similar to the changes associated with essential hypertension, such as intimal and medial hypertrophy of large and small arteries4 and impaired endothelial function in forearm resistance vessels.5 The risk of hypertension increases with later age at repair.6-10 Therefore, we used a noninvasive method to examine vascular physiology in normotensive young adults after satisfactory end-to-end repair of coarctation to determine whether abnormal endothelial or smooth muscle function is present in the right brachial artery (precoarctation site); whether normal lower limb vascular reactivity is preserved; whether age at repair influences arterial physiology; and whether blood pressure response to exercise is related to abnormal arterial function.
Methods

Subjects
Between 1971 and 1985, 114 subjects had repair of isolated coarctation of the aorta at The Hospital for Sick Children, London. We identified 77 subjects (13 repaired at < 1 year old; 42 at age 1 through 8 years; and 22 at >8 years old) who fulfilled the following criteria: age 14 through 30 years; isolated coarctation of the aorta (except for associated bicuspid aortic valve with no stenosis); repair by resection with end-to-end anastomosis at least 7 years previously; and no evidence of recoarctation, hypertension, or ongoing need for cardiac medication. Clinical evidence of successful repair (no recoarctation) included resting blood pressure ' 140/90 mm Hg on every follow-up outpatient visit, palpable femoral pulses, and no radiofemoral delay. Those with Turner's syndrome were excluded. Of 13 patients repaired during infancy, the 8 who could be traced agreed to participate. Nine of 22 who had been repaired at >8 years of age responded, and 8 were studied (1 was working abroad). Half of the 42 suitable subjects aged 1 through 8 years were selected because of geographical proximity to London. Nine of 21 were studied (of the remainder, 10 were untraceable and 2 declined investigation). In total, responses were obtained from 50% (28/56) of suitable patients who were contacted. Each coarctation subject was matched for age, sex, and smoking history with 2 healthy normotensive subjects for the brachial studies and one control subject'1 for the femoral studies. Each subject gave informed consent, and approval for the study protocol was obtained from the local ethics committee.
Protocol
Resting blood pressure was measured in the right arm by a mercury sphygmomanometer after the subject had been lying supine for After at least 30 minutes of rest, arterial endothelial and smooth muscle function was studied with high-resolution vascular ultrasound as described previously.'4 The right brachial artery was studied in all 25 subjects. Changes in arterial diameter in response to reactive hyperemia (increased flow producing endothelium-dependent vasodilation) and to nitroglycerin (GTN, endothelium-independent vasodilator) were measured. Twelve subjects subsequently returned for the femoral artery study.
The subject rested in the supine position for 10 minutes before the first scan and remained supine throughout the study. The target artery was scanned in longitudinal section (brachial artery 2 to 15 cm above the elbow and superficial femoral artery just distal to the bifurcation of the common femoral artery), and the center of the vessel was identified when the clearest images of the anterior and posterior walls were obtained. The transmit zone was set to the level of the anterior vessel wall. Depth and gain settings were optimized to identify the lumen-to-vessel-wall interface. Images were magnified with the resolution box function, leading to a television line width of approximately 0.065 mm. Machine settings were kept constant during each study.
Arterial flow velocity was measured by means of a pulsed Doppler signal at a 700 angle to the vessel, with the range gate (1.5 mm) in the center of the artery. For the brachial artery studies, flow increase was induced by inflation of a blood pressure tourniquet to 300 mm Hg. The cuff was released after 4 to 5 minutes, and the artery was scanned for 30 seconds before and 90 seconds after cuff deflation, including a repeat flow velocity recording for the first 15 seconds after cuff release. Ten minutes later, a resting scan was recorded. GTN (400 jig spray) was then administered sublingually, and the artery was scanned after 3 to 4 minutes. For the femoral artery studies, scans were recorded at rest and after GTN only (we have previously shown that flow-mediated dilation is small even in normal adult femoral arteries because of their larger diameter). '4 Phantom studies performed in our laboratory have confirmed that changes in diameter of as little as 0.1 mm can be detected accurately with this method.15 There is a low coefficient of variation for measurements of arterial diameter (interobserver error) and a high correlation between consecutive control measurements within a study. 16, 17 Data Analysis Arterial diameters were measured directly from super-VHS videotape by two independent observers "blinded" to the scan sequence and the identity of the subject. Vessel diameters were measured from the anterior to the posterior interface between the media and adventitia (the "m line") at a fixed distance from an anatomic marker. The mean diameter was calculated from four cardiac cycles incident with the R wave on the ECG. For the hyperemia scan, vessel diameter was measured 45 to 60 seconds after cuff release. Diameter changes were derived as percentage change relative to the first scan. Baseline blood flow (measured during the first scan) was estimated by multiplying angle-corrected pulsed Doppler recordings of the flow velocity integral by heart rate and the square of the radius of the artery. Reactive hyperemia was calculated as the maximum flow measured during the first 15 seconds after cuff deflation divided by the baseline flow.
Statistical Analysis
Descriptive data are expressed as mean±SD. Data were encoded and stored on SPSSx. Coarctation subjects and control subjects were compared by two-sample t tests. Univariate and multivariate linear regression analyses were performed on the coarctation subjects, with flow-mediated dilation, GTNinduced response, and reactive hyperemia as the dependent variables. Significance was taken at the P<.05 level.
Results
Twenty-five patients (16 males and 9 females) aged 19.6 years (range, 14 to 27 years) were studied ( Table 1) . The median age at repair was 52 months (range, 1 day to 14 years); 8 patients had undergone repair in the first year of life (7 in the neonatal period), 9 at 1 to 8 years, and 8 at >8 years. The median time after surgery was 15 years (range, 7 to 21 years). All patients were clinically well, none had signs of recoarctation, and none were taking medications. All had had annual resting right arm blood pressure measurements at outpatient visits, and in all patients blood pressure had been ' 140/90 mm Hg on each occasion. Four of the subjects smoked cigarettes. There were no significant differences in cholesterol level, vessel size, or resting blood pressure between case patients and control subjects ( Table 2) .
On echocardiography, all subjects had a widely patent thoracic aorta in the region of the previous coarctation repair, the systolic peak flow velocity was <3 m/s (2.2+0.1 m/s) in the descending aorta, and none had flow for >200 milliseconds into diastole. All subjects had normal left ventricular systolic function (fractional shortening >28%) and wall thickness (posterior wall < 10 mm). All study subjects exercised until stage 5 or until their heart rate was >90% predicted.
No study was limited by symptoms, and no arrhythmia was noted. Maximum systolic blood pressure on exercise was 180+ 30 mm Hg (range, 120 to 230 mm Hg) and was not correlated with age at repair (P=.27).
Systolic blood pressure during recovery was 130±20 mm Hg (range, 95 to 160 mm Hg).
The hyperemic response in the right brachial artery of coarctation subjects was significantly reduced compared with control subjects (mean, 343+130% versus 482+147%; P<.001) (Fig 1) . Both flow-mediated and 24 25 GTN-induced dilation of the right brachial artery were impaired in the coarctation subjects compared with the control subjects (flow-mediated dilation, 3.8±3.3% versus 8.8±3.6%, P<.001; GTN, 13 .3+6.0% versus 20.5±6.1%, P<.001) (Fig 2) . In contrast, the femoral artery response to GTN was normal in the coarctation patients (9.5 ±2.6% versus 10.1±4.1%, P=.7) (Fig 3) . In of the aorta in childhood, including those who were operated on in infancy. The reduced hyperemic response suggests abnormalities in the resistance vessels, and the impaired response to GTN is consistent with large-vessel changes. These abnormalities were present in the precoarctation vascular bed but not in the femoral arteries. These findings have potentially important clinical consequences, since those subjects whose brachial arteries dilated least to GTN had the most hypertensive blood pressure response to exercise.
We used a noninvasive method that involves external ultrasound imaging of the large vessels (brachial and femoral arteries) in the arm and leg to study vascular physiology; we had previously established the accuracy and reproducibility of the protocol using phantom experiments and serial clinical studies.'1418 The increase in flow that resulted from inflation and release of a vascular tourniquet was measured with Doppler indices; although absolute measurements of flow using this technique may be unreliable, estimates of relative changes in flow (such as those used in this study) are accurate.17'9 The same method for measuring the de- CoA Controls gree of reactive hyperemia was used throughout the study for all patients and control subjects. The increase in blood flow that follows occlusion and release of the cuff in our protocol is determined by the ability of the small vessels in the forearm (resistance vessels) to dilate and accommodate an increase in flow. A number of mechanisms act to mediate this hyperemic response, including metabolic and neural responses to ischemia and reperfusion. In the coarctation subjects the degree of reactive hyperemia was significantly reduced, suggesting that the vasodilatory capacity of the forearm resistance vessels is abnormal. Gidding and colleagues20 previously reported an augmented vasoconstrictor response to norepinephrine in the arms of patients with mild residual coarctation who were hypertensive but demonstrated that vascular reactivity in the calf was normal. The pathophysiological and histological basis of this disturbed small-vessel physiology in the precoarctation bed has not been examined. Impaired flow-mediated dilation of the brachial artery was found in the coarctation subjects. This has been demonstrated in other groups of young subjects with risk factors for atherosclerosis, such as cigarette smoking and hypercholesterolemia.15 '18 In the presence of a normal degree of reactive hyperemia and preserved responses to GTN, an impaired response to increased flow indicates endothelial dysfunction.14 In this study, however, similar inferences cannot be made because of the coexistent small-and large-vessel abnormalities. Evidence of large-vessel dysfunction in our coarctation subjects can be inferred, however, from the significant abnormalities to GTN found in the brachial arteries.
The abnormalities in large-vessel function that we have demonstrated were confined to the precoarctation vessels, since the response of the femoral arteries to GTN in the coarctation patients was not significantly different from those of control subjects. Similarly, in vitro studies of aortic segments have shown that the precoarctation aorta is significantly less contractile to potassium, norepinephrine, and prostaglandin F2a than either sections below the coarctation or proximal and distal aortic ring preparations from control subjects. 21 Ong et a122 also demonstrated increased wall stiffness in the precoarctation segment of the aortic wall in young adults who have had previous coarctation surgery. These observations may be a result of the altered composition of the arterial wall proximal to the coarctation, with increased scleroprotein content (collagen and elastin) and less smooth muscle compared with distal segments. 23 Abnormal vascular responses were not related to age at operation and were found even in subjects who had undergone repair in the neonatal period. 
